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Bound states In general

Gravitation

Bound system Earth < Moon



Gravitation

Bound system
Earth — Moon

Bound states In general

Electromagnetic (+Strong) interaction
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Pion-nucleus interaction

* Deeply bound pionic (11°) states: potential pocket due to superposition of
attractive Coulomb and repulsive strong interaction

* Pion is partly embedded in the nucleus
> Overlap of nuclear and Coulomb force

— potential pocket (halo-like nuclear system)
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Bound states In general
Gravitation EM (+Strong) interaction
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Meson-nucleon/nucleus interaction

|. meson-nucleon interaction:
meson <:> : nucleon

> for short-lived mesons (n, w, n’, P) no beams available

* study of meson-nucleon interaction by final state interactions
In elementary reactions,e.g.p+p =2p+p+n

= scattering length |a|(only modulus)

* Interaction attractive or repulsive ?

ll. meson-nucleus interaction:

meson ¢y kE > nucleus

* If attractive, interaction strong enough to
form meson-nucleus bound states ?



Symmetry breaking in the hadronic sector

* mass as a result of
symmetry breaking
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Symmetry breaking in the hadronic sector

\ N\
* mass as a result of
symmetry breaking

* partial restoration of
chiral symmetry
predicted to occur
iIn a nucleus = impact
Oon meson masses?
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Model predictions for the in-medium mass of the n’ meson

* NJL model s linear o-model
H. Nagahiro, M. Takizawa and S. Hirenzaki, S Sakai and D. Jido
Phys. Rev. C 74 (2006) 045203 PRC 88 (2013) 064906
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Experimental approaches to determine

the meson-nucleus optical potential

U(r) =V (r)+:W(r)

—— T~

real part - imaginary part
_ p(r
V(T) — Am(ﬂo) " po W(?") — —Fg/z ' ﬂ;;)
in-medium mass modification = —2-hcp(r) - Cinel - B
* line shape analysis lifetime shortened
» excitation function iIn-medium width, absorption

> momentum distribution inelastic cross section

* meson-nucleus bound states |
* fransparency ratio measurement

o OvA—n'X
Ty =
A - OyN—-n’'X

Mass and lifetime (width) may be changed in the medium 10



N'N - Scattering length @COSY-11

Extraction of scattering length from final state interactions
In elementary reactions

p+tp —-p+tp+tn

— Jost [18]
— Jost: full Q range [18]
--- N-G-W [19]

== on-shell [15-17]
10 ® This work

[0 COSY-11 [20]
L O SPESIII [23]
- A DISTO [24]

Im(anp) = (0.37 7338 ) fm

o |[nb]

Q [MeV]
Czerwinski et al., PRL 113 (2014) 062004
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dunfdpn, [ub/GeV/c]

n’ photoproduction off Carbon @CBELSA/TAPS

data: M. Nanova et al., PLB 727 (2013) 417

calc.: E. Paryev, J. Phys. G 40 (2013) 025201
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n’ photoproduction off Carbon @CBELSA/TAPS

nN'—>Tmn—6y
M. Nanova et al., PLB 710 (2012) 600

“o 400 F~ T T T T T\ s 956100 MeviE 1 %
S S ' v A A B
L counts Q
E 350 ; <
s o
E 300 - T
- [ N
c 250 1=
3 | 3
© 200+ o
150 |
100 -
50 |
0 PP P TS B R b
900 1000 1100 1200
M(zx’x’n) [MeV/c?]
L 400 'Nb M = (955.6 = 1.0) MeV/c* '
® o = (89 = 0.6) MeV
= 350 385 counts

counts / 10 MeV/c?

PR B T
900

PR IR R T N N ST SR T | ]
1000 1100 1200
M(z’z"n) [MeV/c?]

- = N
o ~N O
o o o

E_.C.a,....,....,....,:

M = (9553 = 1.6) MeV/c®
o=(9.0 =09) MeV
208 counts

900 1000 1100 1200

" Pb

0.0 2
M(z = 1) [MeV/c]
L L L L e N
M = (956.4 = 1.6) MeV/c® -
o =(9.0 = 0.6) MeV
115 counts

71000 1100 1200
M(x"x"n) [MeV/c?)

900

normalized to Carbon

TC _ 12'0”;'14—}?}’}{
A AT o n X
O« v —————r—r]
= E =1.7 GeV
T
‘1 -
09
08
A m’exp data
— T(p,)=10 MeV
0.7 | I'(p,)=15 MeV
""""" I'(p,)=20 MeV
— [(py)=25 MeV
— I(py=30 MeV
I'(py)=35 MeV
0.6 - 'L[;:.*Szdﬂ MeV
. — -

10 10° A
In low density approximation:
F(p) — F(po)i ; F(pg) = hc - 5 " PO " Oinel

= My(<|pn|> =1.05 GeVic ) = 15-25 MeV
po=0.17 fm=3; 0"Niner = 3 -10 mb

Wn’(p=p0)= -[o/2=-10 MeV 13



n’' optical potential: state of the art
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Experiment S437 (FRS@GSI): August 1-5, 2014

S437 experiment @FRS

“C(p,d)n'X@2.5GeV
K. Itahashi et al., Prog. Theo. Phys. 128 (2012) 601

D d Missing mass spectroscopy
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S437: experimental setup

12C(p,d) @ 2.5 GeV

~—>5Ge, FRS in spectrometer mode
\.\ Dl‘o
2, 7.5 p
aerogel (pcie Ve Je
Sz/Cerenkov Ol‘onS) Uterohs

i

‘0

p/d separation by plastic :
TOF S2-S4 (diff.=20 ns) scintillators aerogel
(and aerogel Cerenkov) Cerenkov

missing mass spectrometry: Am=1.6 MeV/c?
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S437: experimental setup

B




S437: particle identification: p/d separation by TOF

12C(p,d) @ 2.5 GeV
FRS in spectrometer mode

2 7.5 o
aerogel ~ Ge Ve
S2 ,Cerenkov (or, Ofo deUz‘e
; / ns) rO/;S
e
~. % ] 1 S41 TPC
’.“”._ -/ f | 842
g MWDC /v TP r
p/d separation by ‘ /
TOF S2-S4 (diff.=20 ns) plastic ...
(and aerogel Cerenkov) scintillators -aerogel
Cerenkov

missing mass spectrometry: Am=1.6 MeV/c?
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S437: particle identification

Further rejection of the accidental multi-proton in offline analysis
* Single pulse selection by waveform analysis

* Cut condition for corrected TOF (S2-S4)
— proton contamination is sufficiently smali

Examples of waveform of SC at S2

4000
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nnf" 20 a0 e0 80 00 . 120" > -
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g 30F = - (5,a) dependenc
“MW =y T B S I corrected;
= @) i helght is x1l4 scpled
15002— mU|ti-pr’OtOn-|ike 1000-:— ---------------------------------------------------------------------------------------------- O' ~160ps ----------------------
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S437: MWDC Analysis

* MWDC (XX’XX’UU’VV’) x2 were used
* Tracking :
Drift time (measured) — Drift length — ¥? fitting for 2 MWDC

* [terative analysis for calibration :
Temporary drift length — tracking — evaluate and update drift length

* Time dependence of drift time to drift length relation

Time dependence of drift time to
drift length relation

Drift length calibration
ot i for. drift time=1555

3 i g [ I o e R T T
N My o bl - gt R - T s
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e R

“eaml Cwwm
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S437: production and reference runs
production run:

12C(p,d) @ 2.5 GeV FAS sealing
with Bp settings from -2% to +2%
Relative to n’ production threshold
covering -100 < Ex-Eo = 50 MeV 2% e —

0%  eeeees

100 50 Y 50

reference run: Eex - Eo [MeV]

D(p,d) @ 2.5 GeV for Iound state regior
determination of multi- pion background

285000 (V W) (150 5 IVIeV
. 6 ® — 280000
S| m u |at| 0 n
\27039 |
- S
Background ool S
DEE000[ v R\
— @ . H .
260000_
axiszero 40 20 0 20
su ppressed Excitation Energy [MeV]
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S437: Calibration reaction

for each Bp setting:
calibration run: D(p,d)p @ 1.6 GeV

elastic p-d scattering produces deuterons of 2.8 GeV/c at 0°

5 -1%_-..-

0

% .

30

10—

X' [mrad]

20 B-p...:...,_é; _____

.........................

o Ty
TG ke 2 LA
A i RS L

150

MWDC at 54

iInformation on

> beam optics

° missing mass resolution

> stability of the system
(focus, dispersion,
higher-order aberration)

X (horizontal position) - X (angle) by MWDC

- (x]a),

(X|5),

(x|ad),

(x|aa), ....
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S437: Calibration reaction

Focal plane position (online, ion-optics roughly corrected)

scaling

Q000 == 2 B TN ¥ PR N AT ............................. - ...........

by -2%

~100 50 0 50 100
X at Focal Plane [mm]

ox = 2.7 mm (CD; calibration run)

- energy loss and straggling calculation
- spectrometer momentum resolution
- beam momentum spread

Omissing mass ~ 2 MeV/c? (production run with 12C

4 g/cm?)
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Experiment S437

production run (= 5 days): C(p,d) @ Tp= 2.5 GeV

intensity (3-4) 109 p/spill
C- target: 4 g/cm?; omm = 2 MeV/c?

Missing mass spectroscopy

Bp settings of the FRS from -2% to +2%
to cover excitation energy range of possible ' mesic states
from -90 to +40 MeV

for each Bp setting:
» calibration runs D(p,d)p @ Tp = 1.6 GeV

- reference runs D(p,d) @ Tp = 2.5 GeV
to determine multi-pion background

Analysis ongoing
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Tagging decay proton @ Super-FRS

Signa| baCk.ground .
n’ mesic nuclei multi-rt production
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Future Plan at FAIR
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Facility for Antiproton and lon Research (FAIR)
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Experimental setup at Super-FRS

Setup plan for semi-exclusive
measurement

Y imm

momentum
analysis

pre-separator

2.5 GeV proton
from SIS-100

Scintillators
MWDCx2

Aerogel
Su per_FRS Cerenkov
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1. Scattering length |a| determined in n’N reactions

2. Optical potential determined in n’A reactions

3. S437: Missing mass spectroscopy of population of
n’-mesic states

4. Outlook: Missing mass spectroscopy and decay of
n’-mesic states

30
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Momentum transfer '2C(p,d) reaction

wave functions of n’ bound states
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H. Nagahiro, priv. com.
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The real part of the w-nucleus potential

J. Weil, U. Mosel and V. Metag, PLB 723 (2013 ) 120
sensitive to nuclear density at production point
* momentum distribution of the meson:

* measurement of the excitation function of

the meson
In case of dropping mass -
higher meson yield for given s

because of increased phase space

due to lowering of the production threshold

= Cross section enhancement

i’y excitation function

L

-----------

”__..p....-u----.-.---...”;,;,;,;. __________

it
.
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CB
CB-+shift
Ishift
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in case of dropping mass - when leaving

the nucleus hadron has to become on-

shell;

mass generated at the expense of kinetic

energy
=> downward shift of momentum
distribution

m’y momentum distribution
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V+23Nb-mly+X CB (0.619
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